gel electrophoresis and NMR) and binds NC with the same affinity and stoichiometry observed for the native W CES RNA 14 .
C-labelled NC. Some RNA NMR signals were significantly broadened on titration with NC, and in these cases, intermolecular NOEs were identified or confirmed on the basis of exchange-mediated intermolecular NOEs with the unbound RNA in samples containing a ,30% excess of RNA (see Supplementary Fig. S2 ). Subsequent to solving the structure of the NC-mW CES complex, 2D NOESYdata were obtained for the NC complex with r-UAUCUG ( Supplementary Fig. S3 ), which enabled confirmation of assignments made for NC-mW CES but did not lead to the identification of additional intermolecular NOEs. Backbone NH signals for residues of the N-and C-terminal tails (Ala 1-Arg 17 and Arg 44-Leu 56, respectively) were sensitive to exchange with H 2 O protons and exhibited random coil chemical shifts (as also observed for the Ca carbons).
Structure calculations
Upper interproton distance bounds of 2.7, 3.3 and 5.0 Å were employed for NOE cross peaks of strong, medium and weak intensity respectively, which were qualitatively assessed following intensity normalization of the different NOE data sets. Structures were calculated in torsion angle space with CYANA (http://www.las.jp/index_eg.html) starting from random initial angles (involving both protein and RNA), and stem loops DIS-2, SL-C and SL-D were refined independently using dipolar couplings obtained for the isolated stem loops. This approach is valid because the NMR chemical shifts and NOE cross peak patterns and intensities of the isolated stem loops and those in the NC-mW CES complex were indistinguishable 15 . Statistical information and superposition images are provided in Supplementary Table S1 and Fig. S5 , respectively. Structure figures were generated with PyMOL (http://pymol.sourceforge.net). recognition element. Science 279, 384-388 (1998 Supplementary Information accompanies the paper on www.nature.com/nature.
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Correspondence and requests for materials should be addressed to M. During protein biosynthesis, nascent polypeptide chains that emerge from the ribosomal exit tunnel encounter ribosomeassociated chaperones, which assist their folding to the native state 1,2 . Here we present a 2.7 Å crystal structure of Escherichia coli trigger factor, the best-characterized chaperone of this type, together with the structure of its ribosome-binding letters to nature domain in complex with the Haloarcula marismortui large ribosomal subunit. Trigger factor adopts a unique conformation resembling a crouching dragon with separated domains forming the amino-terminal ribosome-binding 'tail', the peptidylprolyl isomerase 'head', the carboxy-terminal 'arms' and connecting regions building up the 'back' . From its attachment point on the ribosome, trigger factor projects the extended domains over the exit of the ribosomal tunnel, creating a protected folding space where nascent polypeptides may be shielded from proteases and aggregation. This study sheds new light on our understanding of co-translational protein folding, and suggests an unexpected mechanism of action for ribosome-associated chaperones.
In all organisms, messenger RNA-directed protein synthesis is achieved by the ribosome. The atomic structures of the large (50S) and small (30S) ribosomal subunits and the structural study of the entire bacterial ribosome provided important insights into this sophisticated macromolecular machine 3 . The structure of the H. marismortui 50S subunit revealed a tunnel of approximately 100 Å in length and 15 Å in diameter, through which the polypeptide extends while still connected to the peptidyl transferase centre 4, 5 . The tunnel is long enough to accommodate a 35-aminoacid-long segment of a nascent polypeptide in an extended conformation 6 . The diameter of the tunnel allows for a helical structure of the peptide, but it is unlikely that significant protein folding can occur beyond helix formation 5 . The initial folding events inside the ribosomal tunnel, however, are only the first steps in the complex process of folding newly synthesized proteins to their native three-dimensional structure. Whereas some proteins were reported to fold productively in a posttranslational mode 7, 8 , several studies demonstrated co-translational folding in the cytosol of prokaryotic and eukaryotic cells 9 . Sequential co-translational folding of domains could be particularly advantageous for the production of multi-domain proteins because it limits possible unproductive inter-and intramolecular interactions during the early folding steps.
The cellular strategy to promote both co-and post-translational folding involves a large arsenal of molecular chaperones 1, 2 . These proteins are found in all kingdoms and can be divided into two groups. The first, mainly chaperones from the Hsp70/40-and Hsp60/10 families, bind to newly synthesized proteins as soluble components of the cytosol. The second group welcomes nascent chains on the ribosome by binding to both the ribosome and the nascent chain, thereby assisting protein folding during ongoing synthesis. The existence of ribosome-associated chaperones is a highly conserved principle in eukaryotes and prokaryotes, although the involved components differ between species. The mechanism of how these ribosome-associated chaperones support the folding of nascent polypeptides is still unclear.
The bacterial ribosome-associated chaperone trigger factor binds to nascent chains and associates with ribosomes in a 1:1 stoichiometry through interactions of its N-terminal domain with the ribosomal protein L23, which is located next to the peptide tunnel exit 10 . This association is crucial for its interaction with nascent polypeptides and its in vivo function 10 . Although trigger factor is not essential in E. coli, the combined absence of trigger factor and the cytosolic DnaK chaperone causes cell death above 30 8C and is accompanied by the massive aggregation of more than 340 different newly synthesized proteins 11, 12 . Trigger factor was biochemically defined as a three-domain protein composed of an N-terminal ribosome-binding domain, a central peptidyl-prolyl cis/trans isomerase (PPIase) domain and a large C-terminal portion of unknown function 13 . The atomic structures of the isolated N-terminal and PPIase domains have been solved, however, without providing mechanistic insights into the action of trigger factor in protein folding 14, 15 .
Here, we report the crystal structures of E. coli trigger factor and the N-terminal trigger factor fragment bound to H. marismortui 50S. Together, these results outline the structure of the trigger factor-ribosome complex and the molecular environment for the folding of newly synthesized polypeptides, and provide a structural basis for the understanding of this fundamental cellular process.
Full-length trigger factor crystallizes in space group P2 1 with two molecules in the asymmetric unit. Phases were calculated from a multiple anomalous dispersion experiment on selenomethioninesubstituted trigger factor with data extending to 2.7 Å . These data were also used for structure refinement (Supplementary Table 1a ). The conformation of both molecules in the asymmetric unit is identical apart from local flexibility in loop regions ( Supplementary  Fig. S2 ). Trigger factor folds into a unique shape resembling a crouching dragon with overall dimensions of 122 £ 59 £ 63 Å 3 , much larger than expected for this 48-kDa protein (Fig. 1a) .
The N-terminal domain of trigger factor ('tail') is exclusively responsible for the interactions with the non-translating ribosome 10, 13 . Curiously, the second domain in sequence harbouring the PPIase activity is located on the opposite side of the molecule ('head'). It is connected to the N-terminal domain by means of a long linker extending along the 'back' of trigger factor. The C-terminal domain is mostly a-helical. It contributes to the formation of the 'back' of trigger factor and adds two extended 'arms' in the core of the protein. This domain is structurally similar to the chaperone domain of SurA, a protein that participates in the folding of outer membrane proteins in Gram-negative bacteria, although there is no sequence homology 16 . A large cradle is formed between the N-terminal ribosome-binding 'tail' and the C-terminal 'arms' of trigger factor. The analysis of crystal packing reveals the general peptide binding capacity of this 'chaperone' region. Trigger factor forms an extensive network of intermolecular contacts burying 3,500 Å 2 of surface area through intertwining of the 'arms' and the inner portion of the ribosome-binding domain. In one of the observed interactions, a neighbouring molecule inserts an a-helix and a b-strand between the 'arms' of the C-terminal domain, which is the narrowest part of the cradle (Supplementary Fig. S3 ). Even larger structural features could be accommodated between the ribosomebinding domain and the C-terminal 'arms' .
To understand the function of trigger factor as a ribosomeassociated chaperone, we co-crystallized the ribosome-binding domain of trigger factor and the large ribosomal subunit (50S). Owing to the suitability of the H. marismortui 50S for crystallization we have chosen to form a heterologous complex between E. coli trigger factor and H. marismortui 50S. We could show conservation of the binding site between the bacterial chaperone and the archaeal ribosome by demonstrating that trigger factor binds with a 1:1 stoichiometry and can be crosslinked to ribosomal protein L23, in an identical way to that observed for the homologous complex ( Supplementary Fig. S4 ). H. marismortui 50S was co-crystallized with the 144-amino-acid N-terminal ribosome-binding fragment of trigger factor yielding crystals that are isomorphous to crystals of isolated 50S. This strategy was best suited for obtaining structural data on the trigger factor-ribosome complex because full-length trigger factor interferes with the 50S crystal packing, whereas its connection to the ribosome is too delicate to support alternative packing modes.
Data from co-crystals were collected to 3.5 Å resolution (Supplementary Table 1b) and Fourier difference maps revealed electron density for the ribosome-binding region of trigger factor, which contains the 'signature motif ' ( 43 GFRxGxxP 50 ) and two surrounding a-helices (amino acids 20-39 and 50-59). From its anchor point on the ribosome, the trigger factor fragment is visible up to a distance of 20 Å above the 50S surface before the density fades out due to increasing temperature factors. Although flexible in the uncomplexed form, one of the previously observed conformations of the ribosome-binding loop (Protein Data Bank: 1OMS_B; ref. 14) can be unambiguously placed into the electron density using a kink in one helix and bulky residues as points of reference (Fig. 1b) . Starting from the structure of 50S (Protein Data Bank:1JJ2) and the fitted fragment of trigger factor (amino acids 25-59), rigid body fitting, positional and temperature factor optimization and manual rebuilding in the attachment region yielded a model with an R-factor of R/R free ¼ 0.192/0.268.
Trigger factor binds the ribosome at the triple junction between domain III of 23S ribosomal RNA and proteins L23 and L29, proximal to the exit of the ribosomal nascent chain tunnel (Fig. 1c) (Fig. 1d) . This residue is replaced by phenylalanine in the E. coli L23 protein, which would result in even tighter hydrophobic interactions. The most important interaction is mediated by Glu 13 on L23, which was shown to be essential for trigger factor binding to 50S 10 . This residue has an altered side-chain conformation in the complex structure and, with two hydrogen bonds, positions the side chain of Arg 45 of trigger factor for hydrophobic stacking with the unpaired RNA base, and for salt interactions with the backbone phosphate of A1501 in 50S (E. coli: A1392) (Fig. 1d) . The binding region of L23 and the secondary structure and sequence of rRNA around A1501 are highly conserved in archaea and bacteria ( Supplementary Fig. S5a,  b) . In a second and minor interaction site the C-terminal residues Val 84 and Phe 85 of L23, which were not visible in the isolated 50S crystal structure, form weak hydrophobic contacts with Ile 53 and Figure 1 Structure of E. coli trigger factor and its N-terminal domain bound to the 50S ribosomal subunit. a, Trigger factor adopts an extended fold. Left: ribbon diagram of the trigger factor fold. Right: schematic representation of the domain organization. Bottom: domain arrangement in sequence space. Positions of the ribosome-binding trigger factor signature (residues 43-50) and domain borders are indicated. In all parts the ribosome binding 'tail' is shown in red, the PPIase 'head' in yellow and 'arm' 1 and 'arm' 2 in green and blue, respectively. b, Trigger factor fragment 1-144 bound to the 50S ribosomal subunit: simulated annealed omit map around residues 26-59 of the bound trigger factor 1-144 fragment shown together with a surface representation of 50S; key interacting proteins are labelled. For clarity, only selected side chains are shown. c, Same site as in b viewed from a distance; trigger factor fragment is shown as a red surface representation and the peptide exit tunnel is denoted with an asterisk. In b and c rRNA is coloured biege; non-interacting proteins, grey; L29, turquoise; L23, green; and L19, bluish-green. d, Key interactions between the trigger factor (TF) fragment (red), L23 (green) and 23S rRNA. Selected residues are shown together with C a -traces. Hydrogen bonds are indicated only for the interaction between the key contact residues E13 (L23), R45 (trigger factor) and A1501 (R23S).
Asn 52 of trigger factor, respectively. Contacts with ribosomal proteins L29 and L19 are tangential and are unlikely to contribute to the trigger factor binding affinity, in agreement with biochemical data 10 . The structure of full-length trigger factor, together with that of its ribosome-binding fragment in complex with 50S, permits accurate placement of the entire chaperone on the ribosome through superposition of the ribosome-binding region that is visible in both structures. Judging from the increasing temperature factors of the helices in the co-crystallized fragment, full-length trigger factor bound to the ribosome could swing, on average, by 108 in all directions around its attachment point. On the basis of the superposition of the two full-length trigger factor molecules in the crystal (Supplementary Fig. S2 ) and the presence of a well-defined electron density for the interdomain connections, we have no indications for potential domain rearrangements. The peripheral mode of interaction of trigger factor with 50S is also unlikely to induce any remote domain motions in trigger factor. However, the presence of additional conformational states of ribosome-bound trigger factor cannot be ruled out completely.
Trigger factor hunches over the polypeptide exit of the ribosome and extends its sticky, hydrophobic inner face towards the area of the nascent polypeptide exit (Fig. 2a-c) . This evokes a model in which nascent chains initially interact with the cradle of the trigger factor surrounded by helices belonging to the ribosome-binding domain and the 'arms' of the chaperone. Although trigger factor hunches over the exit and provides a significantly shielded environment for the newly synthesized peptides, no region of the chaperone other than the 'tail' contacts the ribosome (Fig. 2a) . The closest approach from the ribosomal surface to the tips of the C-terminal 'arms' is around 10 Å whereas the distance to the bottom of the cradle is 40 Å (Fig. 3b) . The charge distribution of trigger factor shows an accumulation of basic residues at the ribosome-binding 'tail' and of hydrophobic residues both in parts of the N-terminal domain and the C-terminal 'arms', supposed to be the contact regions of the cradle for emerging nascent polypeptides (Fig. 3a) . These findings agree with biochemical data that demonstrate that trigger factor lacking the PPIase domain still binds peptides enriched in hydrophobic residues 17 . Although the role of trigger factor in protein folding is firmly established, it has been difficult to study its detailed mechanism of action. The role of its C-terminal domain was particularly puzzling because, as an isolated fragment, it is structurally unstable and without assignable function 13, 17 . The atomic structure of trigger factor now provides an explanation for these difficulties. The 'back' of the C-terminal domain is critically stabilized by residues 111-133, which connect the N-terminal and the PPIase domain, and therefore may not preserve its conformation in the absence of this connection. Furthermore, from the structure it is not surprising that this domain shows little sequence conservation. It is likely that only the overall shape and the surface distribution of hydrophobicity are critical for substrate binding, and that, due to the diverse nature of nascent peptides, there is little selective pressure to maintain exact positioning of particular side chains.
The C-terminal and the N-terminal domain together form a cradle whose inner surface appears to be tailored to interact with unfolded proteins. Moreover, this cradle is optimally positioned at the exit site of the ribosomal tunnel for the capture of nascent Figure 2 Structure of the trigger factor bound to the 50S ribosomal subunit. a, Overview of the trigger factor 50S complex. Full-length trigger factor positioned by superimposition onto the ribosome-bound fragment trigger factor 1-144 is shown as C a -trace together with a slice of 50S along the peptide exit tunnel (for clarity, further cavities peripheral to the tunnel are not shown) with a modelled nascent chain in magenta, extending from the peptidyl transferase centre (PT). Colouring is as in Fig. 1 . Inset: schematic footprints of Sec61, SRP and the trigger factor on the ribosome on the basis of crystallographic and electron microscopic data. Binding sites for Sec61p (blue), SRP (magenta) and the trigger factor (red) are represented as filled areas, and projections of the molecules are shown as outlines in the same colours. Positions of selected ribosomal proteins are indicated in the same colours as in Fig. 1. b, c , Close-up side (b) and top (c) views of the complex shown in a without a nascent peptide.
polypeptides. Its role as the major substrate-binding site of trigger factor is further indicated by several pieces of evidence: (1) there is significant hydrophobicity over the entire inner surface of the cradle (Fig. 3a) ; (2) the fused N-terminal and C-terminal domains provide trigger factor with almost wild-type-like chaperone activity in vivo and in vitro 17 as well as peptide binding activity, even in the absence of the PPIase domain (see below); (3) the cradle is involved in forming an extensive network of crystallographic intermolecular contacts as described above; and (4) the structurally similar domain of the SurA chaperone has substrate-binding properties 19 . Recently, it has been shown that PPIase activity is not essential for nascent chain binding and chaperone activity of trigger factor 18 . In agreement with these findings, the PPIase domain is peripheral to the main substrate-binding cradle of trigger factor and to the exit of the ribosomal tunnel and is tethered to the body of trigger factor by means of a double linker. As a consequence, the PPIase activity will be limited to regions above the 'arms' and behind the 'back' of trigger factor where partially folded proteins will appear only after they have escaped from the trigger factor cradle. The PPIase domain will therefore interact with nascent chains at later stages of their synthesis, restricting its catalytic activity to selected sites that remain accessible at this folding stage.
Dimerization of trigger factor in solution has been observed in vitro, raising possible implications for the mechanism of its action 17, 20 . Crystallographic data presented here show no evidence of a perfect dimer formation. Trigger factor molecules in the crystal form a network of contacts mainly through residues implicated in formation of the substrate-binding cradle and thus may mimic the interactions between trigger factor and its nascent chain substrates as discussed before (Supplementary Fig. S3 ). These interactions are not possible when trigger factor binds the ribosome because the hydrophobic contact surface orients towards the ribosomal exit tunnel, consistent with the observation that it binds the ribosome as a monomer 20, 21 . Dimerization as observed in solution may help to prevent aggregation and unwanted substrate interactions of trigger factor in the cytosol 20 . Trigger factor has inherent affinity for ribosomes, which is increased when they display nascent peptides 21 . The weak affinity of trigger factor to the ribosome (K d ¼ 1.2 mM 20, 22 ) and its small anchor point may be ideally suited for its role in protein folding. By maintaining a precise balance of binding affinities, trigger factor dissociates from vacant ribosomes within seconds 22 , but may become stabilized by hydrophobic interactions with an emerging, unfolded nascent peptide. The broad distribution of hydrophobicity within the trigger factor cradle may allow extensive but transient contacts of trigger factor with the emerging chain, consistent with the observation that the association of trigger factor with the translating ribosomes becomes salt insensitive 1, 21 . Once a domain folds co-translationally, it buries hydrophobic residues, detaches from trigger factor and destabilizes the inter- Fig. 2 . Initially (1) the trigger factor is bound to an unfolded nascent chain. Upon folding of this domain (2) , contacts between the trigger factor and the newly synthesized peptide are weakened and trigger factor dissociates from the ribosome (3). The trigger factor re-associates with the ribosome when the next stretch of newly synthesized, unfolded polypeptide becomes exposed (4).
action of trigger factor with the ribosome-nascent chain complex (Fig. 4b) .
We conclude that trigger factor might promote co-translational folding of domains by providing a shielded environment in which the folding is initially postponed through hydrophobic contacts, but then allowed to proceed, perhaps in a self-promoted fashion, when sufficient sequence information is available for the generation of a folded core (Fig. 4b) . The chaperone would then dissociate from the ribosome and rebind once a significant new portion of the unfolded polypeptide becomes exposed at the tunnel exit. The folding space formed between trigger factor and the ribosome is sufficiently large to accommodate a domain of the size of the 14-kDa protein lysozyme (Fig. 4a) . A different option, which we consider less likely on the basis of available biochemical evidence, is that trigger factor remains bound during the synthesis of the entire polypeptide, even when multi-domain proteins are translated. In this case, the co-translationally folded domain could escape through the relatively large gaps between the ribosome and the chaperone arch on either side.
Trigger factor is just one of the macromolecular factors that bind to ribosome-nascent chain complexes. The signal recognition particle (SRP) targets ribosomes displaying signal sequences to membranes where the newly synthesized proteins are co-translationally translocated 23 . At the membranes, the ribosome-nascent chain complexes are bound to the translocon, a protein-conducting channel. Both SRP and the translocon have now been visualized on the eukaryotic ribosome by electron microscopy 24, 25 . Because protein folding and targeting require precise exchange between all these factors it is interesting to compare their binding sites on the ribosome. Both SRP and the eukaryotic protein-conducting channel, Sec61, use eukaryotic homologues of ribosomal proteins L23 and L29 as major attachment sites, analogous to what is reported here for trigger factor. These ribosomal proteins have also been crosslinked to the protein component of SRP (SRP54) 26 . It is tempting to speculate that all factors transiently associated with ribosome-nascent chain complexes will use a similar mode of interaction characterized by low affinity, loop-mediated binding to the ribosome augmented by contacts to the nascent chain. Interestingly, one of the attachment sites for Sec61 coincides with those of trigger factor (Fig. 2a) .
Here we have shown that trigger factor, together with the ribosome, forms a well-defined protective cage of sufficient size to accommodate a folded protein domain at the peptide tunnel exit site. This is in contrast to the previous assumption that the 48-kDa trigger factor can only bind small stretches of unfolded peptides but not provide a shielded folding space. The two modes of action may not be mutually exclusive and may depend on the nature of the nascent polypeptide. The structural information presented here will serve as a basis for functional experiments aimed at addressing the mechanism of protein folding facilitated by ribosome-associated chaperones.
A
Methods
Crystallization of trigger factor and trigger factor-50S complexes
Full-length trigger factor and its N-terminal fragment consisting of the first 144 amino acids were expressed and purified as previously described 18 . We obtained crystals of the full-length trigger factor in 22-26% (w/v) polyethylene glycol 4,000 with 14% (v/v) 1,4-butanediol in 0.1 M MES (2-N-morpholino-ethanesulphonic acid) at pH 7.0-7.5. Crystals grew to a maximum size of 0.2 £ 0.3 £ 1.0 mm 3 in four to six weeks at 4 8C and belong to space group P2 1 (a ¼ 100.2 Å , b ¼ 47.4 Å , c ¼ 114.8 Å , b ¼ 113.68) with two molecules in the asymmetric unit. Selenomethionine-labelled protein was produced with standard procedures and crystallized under similar conditions. The N-terminal fragment of trigger factor was used at tenfold molar excess over 50S for co-crystallization experiments. Crystals were obtained under conditions previously described for 50S crystallization 4 and belong to space group C222 1 (a ¼ 211 Å , b ¼ 299 Å , c ¼ 574 Å ) with one molecule in the asymmetric unit.
Data collection
Full-length trigger factor crystals were stabilized by stepwise addition of 2-methyl-2,4-pentane diol (MPD) to yield a final concentration of 25% (v/v). Crystals were flash frozen in liquid propane. All measurements were done at the Swiss Light Source beamline X06SA at the Paul Scherrer Institute at 100 K. A native data set to 2.8 Å resolution and a selenomethionine derivative data set at inflection point, peak and remote wavelength to 2.7 Å were collected. The latter was used for multiwavelength anomalous dispersion phasing (Supplementary Table 1a ) and, owing to the large non-isomorphism between crystals, also for refinement.
Crystals of 50S in complex with the ribosome-binding domain of trigger factor were stabilized as described and flash frozen in liquid propane 4 . Complete data sets were collected at the Swiss Norwegian Beamline at ESRF and the Swiss Light Source to 3.5 Å resolution (Supplementary Table 1b ). All data were integrated and scaled using HKL 27 .
Structure determination
All phasing and refinement was done using the program CNS 28 . For the full-length trigger factor data, an initial set of heavy atom sites was identified in the anomalous difference Patterson maps by automatic correlation coefficient search procedures. Additional sites were found in difference Fourier maps after improving the phases by solvent flipping. In total, 19 selenium sites were used for phasing. Maximum likelihood refinement with amplitudes and experimental phase probability distribution was used during model building. The structure was refined to 2.7 Å resolution with R/R free ¼ 0.241/0.324 with an average B-value of 74 Å 2 . Improved maps were calculated as prime-and-switch composite omit maps using the program RESOLVE 29 . The N-terminal ribosome binding domain of the trigger factor in complex with the 50S was located in the F o -F c difference Fourier maps. The structure of the complex was refined to 3.5 Å resolution with R/R free ¼ 0.192/ 0.268. All models were built using the program O 30 . For details of figure preparation see Supplementary Information.
In vitro crosslinking 1 mM purified 50S ribosomal H. marismortui subunits were incubated with 2 mM mutant trigger factor V49C coupled to the UV-inducible crosslinker BPIA (benzophenone-4-iodoacetamide, Molecular Probes, Inc.) for 30 min at 30 8C in the presence of 0.6 M NaCl as described 10 . Samples were irradiated with UV light on ice for 5 min (365 nm, 100 W; Ultraviolet Products, Model B-100AP) at a distance of 5 cm. Ribosomal complexes were separated by centrifugation through sucrose cushions 13 . Protein identification was done by in-gel-digest of the crosslinking products with trypsin followed by mass spectrometry 10 .
